To study the durability of shield tunnel concrete segment under coupling multi-factors, the durability and degradation law of reinforced concrete segments under the joint action of carbonation, sulfate, chloride salt and stray current was studied by accelerated environmental and direct current (DC) power simulation test. The results show that the presence of the stray current not only accelerates the migration of chloride ions to the concrete, but also makes chlorine ion gradually converge to the steel surface. The steel corrosion near the corrosion solution on the up surface of segment is more serious than the steel corrosion near the carbon dioxide on the lower surface. The interaction of chlorine ions and stray current primarily controls the durability of the segment.
INTRODUCTION
Reinforced concrete segment is the main component of tunnel constructed by shield tunneling method. It is unique structure because it may be subjected to different environmental conditions. Compared with concrete structures in atmospheric environment, the segments may be subjected to carbonation due to the CO 2 produced by car inside the tunnel, sulfate corrosion on concrete by water and soil and corrosion of chloride ion on steel. For subway tunnel, there is stray current and it may accelerate the steel corrosion. The concrete segment often works under the coupling effects of atmospheric carbonation, groundwater corrosion, stray current corrosion and loads. The degradation process is often a result of coupling damage and deterioration. The durability of shield tunnel is complex and serious [1, 2] .
A great deal of research has been done worldwide concerning the durability of concrete structures. Great achievements have been obtained concerning the single factor effected degradation, including the subway stray current, sulfate attack, chloride ion diffusion, carbonization, etc [3] [4] [5] [6] . Research works on the durability and damage mechanism of concrete under the coupling effects also have been widely reported. Wu Xiong [7] studied the effects of stray current and chloride ion on mechanical properties of concrete. Zhang Ermeng [8 ] tested anti-erosion performance of metro concrete under the effect of bending load and stray current coupled with corrosive medium. Geng Jian [9] studied the degradation mechanisms of reinforced concrete in stray currents and chloride ion coexisted corrosion environment. Du Yingji [10] and Huang Wenxin [11] studied the anti erosion performance of metro engineering concrete under influence of multiple factors. Wu Zhenzhi [12] studied the migration of chloride ion of river crossing shield tunnel under soil. Zhou Xiaojun [13] studied the effect of stray current on corrosion of rebar in concrete. The majority of the previous work, however, has been focused on small specimens in a material respect. The performance of materials is somewhat different from that of component member they consists [14, 15] . Therefore, the durability results of small specimens of tunnel segment under many single factor or multiple factors only have relative or laboratory significance, which cannot truly reflect the evolution and durability of actual concrete structure in the process of service. To better understand the behavior of the segments under real environment in a structure respect, some simulated tests have conducted over the past several decades. T. Kasper [16] investigated the stability of immersed tunnel in offshore conditions under deep water wave impact. Mingfeng Lei [17] studied the durability of shield segments under coupling effect of load and chloride environment. Zhang Zhiqiang [18] evaluated the strength of corroded tunnel lining using the accelerated electrochemical corrosion technique. For given circumstances, the segments of lining structure of a tunnel may suffer attacks from mechanical, physical, and chemical even stray current actions. However, to the best of author's knowledge, little work has been done on the durability of shield tunnel concrete segment under coupling effects of carbonation, chloride, sulfate and stray current corrosion.
Therefore, aiming to investigate the durability of shield tunnel concrete segment under coupling effects, the material properties and corrosion mechanism including the depth of carbonation, chloride ion concentration distribution, the sulfate corrosion damage layer thickness, degree of reinforcement corrosion, cracking along rebar of segment under carbonization, solution attack and stray current corrosion were studied by model test using the accelerated corrosion method. Interaction and deterioration mechanism between carbonation, chloride corrosion and stray current were analyzed. The test results provide basis for design and maintenance of the reinforced component and structure.
MATERIALS AND METHODOLOGY

Materials
A summary of the test program is shown in Table 1 . Totally 6 segments were casted in two groups with the different mixing proportion. Each group includes 3 segments, one is controlling specimen, and the other two were soaked separately in the solution of 3.5% NaCl and 3.5% NaCl + 3.5% Na 2 SO 4 .
The materials used in this test were locally sourced and they satisfy the requirements of respective Chinese Standards. Maximum aggregate size of the concrete was 12 mm. The concrete was mixed following the procedures recommended by JGJ55-2000, China. Table 2 shows the mixing proportions of specimens.
The dimension of segments and arrangement of reinforcement are shown in Fig. (1) . Hot-rolled Plain Steel Bar with diameter of 6.5mm was used in specimens. The measured yield and tensile strength of reinforcement are 472.52MPa and 586.58MPa respectively; the designed thickness of concrete cover is 1.5cm, actual concrete cover is close to the 2cm. Radius of segment is 670 mm, radian is 72 °.
Test Methodology
For concrete shield tunnel segment in the actual work environment, its outer surface may suffer the corrosion of chloride ions and sulfate ions, inner surface may suffer the erosion of atmosphere and automobile exhaust. For subway tunnel, it also may be affected by the stray current damage. Because both the outer and inner surface of segment is curved, it is difficult to soak one side of segment in solution while the other side in the air. On the other hand the segment is so large that it is difficult to be accommodated in carbide box or artificial environment box. Therefore a two step method was established to test the coupling effects of ion corrosion, carbonation and stray current on durability of shield tunnel concrete segment. First step is to simulate the coupling effects of corrosive solution and stray current. The second step is to simulate the carbonization at inner part of the segment. Fig. (2) shows the test device of shield segment under the combined effect of the corrosion solution and stray current. Series connection was adopted to ensure equal current flowing through the segment. Environmental relative humidity is 70% ± 5%, temperature 20 ±5 , current 1A. Stirrups and reinforcement is not insulated which is identical with the actual engineering A pool was made on the external surface of segment to fill the corrosion solution simulating the soil or water environment containing the NaCl and Na 2 SO 4 . Reinforcement in segment as anode and stainless steel tube placed in corrosion pool as anode were connected to DC power supply to simulate the stray current. In this way, the coupling effect of sulfate corrosion, chloride ion diffusion and stray current was simulated. Fig. (1) . Segment model layout and reinforcement arrangement.
Simulation Method of Solution and Stray Current Corrosion
Fig. (2).
Test device of shield segment under the combined effect of the corrosion solution and stray current. Fig. (3) . Photo of carbonation test device. Fig. (3) is a photograph of carbonization test device. The carbonization corrosion of shield segment is to put its lower surface into the CO 2 environment with its concentration of 20%, temperature 20 , and humidity 70%±5%. Usually carbonization box was used in carbonation test. However, due to the larger size of the segment and requirement of only inner surface of segment being carbonated, following measures were taken to meet the above requirements:
Simulation of Carbonization
(1) To isolate the invasion of gas to the outer side of the segment, 0.3mm thick plastic film with the same size of segment was covered on it. The film was sealed on the segment around four edges with sealant to ensure only the inner part of the segment be carbonated.
(2) The segment was sealed into a big plastic bag. To ensure the gas concentration, canned liquid CO 2 was used in this test in which CO 2 content is 20% and remaining 80% was N 2 . Two ventilation pipes were linked to plastic bag. To continuously make CO 2 go through the bag, one end of the inlet pipe was connected to CO 2 can, and one end of the outlet pipe was free.
(3) To control the temperature at 20 , a temperature and humidity controller and a dry burning bar was used. The dry burning rod was arranged in the plastic bag.
(4) To control the humidity in the 70%, a humidifier and digital temperature and humidity controllers were placed in a poly bag.
RESULTS
The Results and Analysis of Chloride Ion Erosion
The concrete powder was collected using a drill at 5mm steps to a maximum depth of 50mm. selective electrode method was used for determination of free chloride ion in concrete. Fig. (4) shows distributions of the chloride ion concentration. It can be seen from the Fig. (4) that the depth of chloride ion penetration is higher than the thickness of concrete cover. The concentration of chloride ion distribution curve with depth showed parabola distribution, increased at first and then decreased. The highest value is concentrated in the 20mm from the surface where the reinforcement is located. Stray current would not only accelerate the migration of chloride, but also change the migration direction and distribution of chloride ion in concrete. In fact, penetration of chloride ions in concrete under the action of stray current not only shows parabola distribution in the depth direction, penetration perpendicular to the reinforcing steel bar is also shows parabola distribution. The presence of stray current causes the chloride ions to gradually gather to the surface of steel bar, resulting in the concentration of chloride ion in concrete at the same penetration depth is different in different regions. Chloride ions perpendicular to reinforcement surface is relatively higher.
It also can be seen from the Fig. (4) that for the same mixture, chloride ion concentration is relatively larger for Cl -ion corroded segment compared with the SO 4 2-+Cl -corroded segment. This is because the pore of concrete may be filled by ettringite produced by reaction of SO 4 2 -ion in the solution and hydration products. The transmission channel of Cl -ions in the structure is restricted, which hinders the Cl -ion migration. Moreover, the chemical activity of SO 4 2-ions is stronger than that of Cl -ion. SO 4 2-ions will first react with C 3 A producing ettringite. Therefore the opportunity for integration of Cl -ion and C 3 A is decreased, and more likely to be absorbed by C-S-H, which alters the combination form of Cl-ions. 5) shows the EXD spectroscopy analysis of concrete in different regions for GPB-3.5-5. It can be seen from the Fig. (5) that the chloride ions were unevenly distributed in the cement paste duo to the effects of electric current. The concentration of chloride ion is increased gradually from outside to inside. The nearer the reinforcement, the higher the chlorine ion concentration is. The distribution of chloride ions of rest of 3 segments also showed the same characteristics. This further proves that the existence of stray current in addition to accelerate the migration of chloride ion in concrete, it cause the chloride ions to gradually gather to the steel surface, increasing the concentration of chloride ion on the surface of the steel bar, and finally accelerate the corrosion of reinforcement. Fig. (6) shows the carbonation depth. It can be seen from the Fig. (6) that the carbonation depth of concrete segment is only 1~4 mm. It did not exceed the thickness of concrete cover. According to the similarity theory of carbonation [19] , carbonization is not a controlling factor for concrete segment compared with the chloride and sulfate ions and stray current corrosion. GPA-3.5 GPA-3.5-5 GPB-3.5 GPB-3.5-5 Fig. (6) . Determination of carbonation depth value. Fig. (7) shows the surface corrosion damage of the segment. Different degrees of cracks were appeared on the surface of segment under the coupling effect of carbonation, chloride, sulfate ion and stray current, mainly longitudinal, transverse cracks and some of corner cracks, with more or Fig. (7) . Damage morphology photo of corroded segment surface.
The Results and Analysis of Carbonation
Corrosion Damage of Segment Surface
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Corrosion rate/% less inclined cracks. Crack width is ranging in 0.1~3 mm. This is partly due to the expanded corrosion product volume causing the concrete cover to crack. This part of the cracks occurred mainly in the reinforcement position. On the other hand, the reaction of the sulfate ion and Ca (OH) 2 in the cement producing CaSO 4 . CaSO 4 again reacts with the hydrated calcium aluminate producing Ettringite (3CaO·A1 2 O 3 ·3CaSO 4 ·31H 2 O), whose volume was expanded 2-3 times. The coupling effect of chloride, sulfate ions and stray current caused a few widen cracks at the corner of the segment. Fig. (8) shows the reinforcement corrosion rate. The results shows that the corrosion of reinforcement near the corrosion solution is more serious compared with the reinforcement close to the inner part of the lining. Effect of stray current on inner reinforcements is much smaller than the outer ones. For same segment the corrosion of reinforcement is more serious than stirrup. This may due to the fact that the stirrup is closer to the corrosive solution. The chloride ion concentration at stirrups is greater than that at the longitudinal reinforcement. Therefore the resistivity of concrete at stirrup is smaller than that at longitudinal reinforcement. Current through the surface of the stirrup is larger. Therefore the corrosion rate is larger.
Result and Analysis of Reinforcement Corrosion
It can be seen from the Fig. (8a) that the corrosion of stirrups near the outside of the segment with the mixing proportion A is larger than that with the mixing proportion B. (In Fig. (8) , S represents the upper reinforcement, X represents the lower reinforcement). This is due to the fact that for mixing proportion B, the mineral admixture reached 55%. How-ever, for mixing proportion A the mineral admixture is only about 13% of the cementitious materials. The corrosion rate of reinforcement of segment in 3.5% NaCl solution is larger than that in 3.5% NaCl +5%Na2SO 4 solution. This is because the concrete pore is filled by SO 4 2-ion and hydration products of which hindered the migration of Cl-ions. The resistivity of concrete increased and electrochemical equivalent of reinforcement reduced. It can be seen from the Fig.  (8b) that the corrosion rate of reinforcement shows the same rules. Fig. (9) shows the pictures of reinforcement and stirrup corrosion in segment. It can be seen from Fig. (9) that the corrosion characteristics were identical with the measured corrosion rates. Stirrup is corroded more serious at the intersection of stirrup and reinforcement. And there is obvious pitting corrosion. The reinforcement corrosion is lower than that in the none-cross area. This is mainly because of thermocouple protection [20] . The corrosion of longitudinal reinforcement at the outside is more serious, it is also because the outer longitudinal reinforcements near the corrosion solution. The corrosion of stirrups and longitudinal reinforcement in inner part of segment is significantly lighter. This shows that the local environment has great effect on corrosion of reinforcement. Using Faraday's law to predict the corrosion rate of the accelerated corrosion of steel bar may has randomness and error. It further illustrates that the performance of local materials and components can't correctly reflect the overall performance of the components, and the durability results of small specimens is difficult to reflect the evolution of durability for actual concrete structures in the process of service.
GPA-3.5 GPB-3.5 Fig. (9) . Steel corrosion photos.
CONCLUSION
(1) In addition to accelerate the migration of e chloride ion in concrete, the presence of stray current also cause the chloride ions to gradually gather to the surface of steel bar. But the quantitative distribution of chloride ions in concrete under the coupling effects of chloride and stray current still need further study.
(2) The outer layer reinforcement which near the corrosion solution was corroded more seriously compared to reinforcement close to the lining of the carbon dioxide. The corrosion of stirrup is more serious than main bar for outer reinforcement.
(3) Among the various factors of carbonization, sulfate, chloride and stray current affect the durability of concrete segment, the coupling of chloride ion and stray current plays a main part.
